Rhodamine molecules are one of the most used dyes for applications related to Raman spectroscopy. We have systematically studied Raman spectra of Rhodamine 6G, Rhodamine 123, and Rhodamine B (RhB) molecules using density functional theory. It is found that with BP86 functional the calculated Raman spectra of cationic Rhodamine molecules are in good agreement with corresponding experimental spectra in aqueous solution. It is shown that the involvement of the counter ion, chlorine, and the specific hydrogen bonds has noticeable effects on the Raman spectra of RhB that can partially explain the observed difference between Raman spectra of RhB in solution and on gold surfaces. It also indicates that an accurate description of surface enhanced Raman scattering for Rhodamine molecules on metal surface still requires to take into account the changes induced by the interfacial interactions.
I. INTRODUCTION
Rhodamine family is one kind of xanthene-based dyes and has been widely employed as probe molecules to study the images [1−5] , the surface enhanced Raman scattering (SERS) [6−12] , and the fluorescent sensoring [13−16] . As the three commonly used members of Rhodamine family, Rhodamine B (RhB), Rhodamine 6G (R6G), and Rhodamine 123 (Rh123) molecules are the prototype molecules for investigating the underlying mechanisms of SERS in last decades owing to their intense and characteristic spectra [12, 17−21] . They have also been used to calibrate the performances of some new types of SERS substrates, such as graphene and graphene oxides [22−24] .
It is often noticed that Raman spectra of Rhodamine molecules on substrates can have different profiles from those in solutions [24, 25] . It could, in principle, be attributed to the changes of the environments, the molecular structures or the charge states. Due to the large size and low symmetry of the Rhodamine molecules, it is very difficult to accurately determine their structure changes on substrates, for instance, the graphene oxides, with the computational powers that one normally encounters. We take here a different strategy by * Author to whom correspondence should be addressed. E-mail: ckwang@sdnu.edu.cn focusing on the effects of the solution and the charge states on the Raman spectra to highlight the role of the structural changes. Previous studies have shown that the solvent environment plays an important role in determining the absorption and emission spectra of RhB molecules [26, 27] . How it affects the Raman spectra has not been reported so far to the best of our knowledge. Rhodamine families normally exist in cationic forms in solution, and, in previous theoretical studies, only the cations of some Rhodamine molecules were calculated allowing to provide certain spectral assignments [7, 28, 29] . However, it can be expected that such a charged system could be neutralized on the surfaces and it is thus interesting to examine the appearance of the Raman spectra for the neutralized Rhodamine molecules.
In this work, we first calculated Raman spectra of three Rhodamine molecules, R6G, Rh123, and RhB, in the cationic form, and compared with corresponding experimental results. The solvent effects described by the continuum model have then been examined. The spectra of the neutralized RhB molecule by a counter-ion Cl − are simulated with the inclusion of local hydrogen bonds.
II. COMPUTATIONAL DETAILS
The structures of R6G, Rh123, and RhB molecules in the cationic form are shown in Fig.1 . The RhB molecule has been used as an example to examine different effects on the Raman spectra. The RhB molecule is neutralized by the chlorine ion and further stabilized by four hydrogen bonded water molecules. The corresponding models are also given in Fig.1 . All structures under investigations were optimized with BP86 functional [30, 31] using Pople split valance basis set 6-31G(d,p) [32] . The polarizable continuum model (PCM) [33] was used as the implicit model to account for the long range interactions in water solutions (with dielectric constant of 78), while four water molecules were added to represent the explicit solvent model that takes into account the specific hydrogen bonding. Based on the optimized geometries, the vibrational frequencies as well as the Raman activity were calculated at the same level. The choice of the BP86 functional was motivated by the fact that it usually gives harmonic frequencies close to experimental results without using the scaling factors [34] . All above calculations were carried out with Gaussian 09 program package [35] . The Raman spectra were convoluted by a Gaussian function with a full-width-athalf-maximum (FWHM) of 20 cm −1 .
III. RESULTS AND DISCUSSION

A. Cation in gas phase
The optimized structures for the cationic Rhodamine molecules are similar to what were reported in previous studies [7, 28] . In all three cases, the phenyl ring (PHR) results in solutions taken from the literatures. More specifically, the experimental spectrum of R6G was constructed from the intensity data of Watanabe et al. [28] convoluted by a Gaussian function with a FWHM of 20 cm −1 . The experimental spectra of Rh123 and RhB were taken directly from the works of Sarkar et al. [7] and Li et al. [25] . A more detailed comparison between the calculated and experimental spectra is collected in Table I , in which the frequencies and the relative Raman intensities are given. As expected, the general spectral profile of all three species is very similar and the small difference in certain bands reflects the variation of the structure. In general, there are seven stronger peaks in the Raman spectrum of R6G, which are located and assigned as 613 cm (XR stretching), respectively. The most noticeable difference among three spectra is the intensity of the peak around 1640−1650 cm −1 . Although all of them is assigned to the same XR stretching modes, but their Raman activity is quite different, which might be attributed to the symmetry of the molecule.
By inspecting the results given in Fig.2 and Table I , we can see that for these three molecules, the BP86 functional works very well. All simulated spectra are in good agreement with the experiments and almost all of the peaks between 1000 and 1600 cm −1 appeared in the experiments can be well assigned by the calculations, especially the two most intense peaks in the experimental spectrum. For R6G, the experiment gives 1364 and 1512 cm −1 , while the corresponding theoretical results are 1351 and 1507 cm −1 , respectively. It becomes even better for Rh123, for which they are 1361 and 1500 cm −1 from the measurements, in comparison with 1361 and 1502 cm −1 from the calculations. The same quality is also found for RhB. It should be mentioned that in comparison with the earlier theoretical results [28, 36] , we can conclude that the BP86 functional performs better than B3LYP [37] for Raman spectra of Rhodamine molecules. It is noted that the calculations are done for the Rhodamine molecules in cationic forms. The fact that the calculated spectra are in good agreement with the experimental ones from solutions indicates that the Rhodamine molecules are positively charged and well separated from their counter-ions.
B. Cation in solutions
Normally, the ionic species can interact strongly with the surroundings that in turn can induce the geometric or electronic structure changes of the species. The fact that a gas phase model as we adopted so far for the Rhodamine molecules can already provide results in good agreement with experiments is somewhat surprising. To rule out any possible coincidences, we have thus examined the solvent effects on the Raman spectra of the Rhodamine molecules by employing the PCM model. The structures of cationic Rhodamine molecules in water solution are fully optimized with PCM. It is found that the solvent has very small effects on the geometry of the molecules, and consequently, the Raman spectra. As shown in Fig.3 , the inclusion of the solvents has sharpened some of the spectral peaks, but caused almost no energy shift for all bands. One could argue that agreement between the calculated and experimental Raman spectra is slightly improved when the long range solvent effects are taken into account. These results have at least verified that it is not a coincidence that a model with cationic Rhodamine molecule in gas phase can reproduce experimental Raman spectra of the Rhodamine molecules in water solutions. The cationic Rhodamine molecules hardly interact with their surroundings.
C. Neutral form
When a Rhodamine molecule is placed on the substrate, the interfacial interaction could have some impacts on its structure and the corresponding Raman   FIG. 4 Experimental Raman spectra of RhB on Au@SiO2 substrate and in water solution. The calculated Raman spectra for cationic and neutralized RhB molecules, as well as for the neutralized RhB with hydrogen bonded water molecules, as marked with RhB-gas, RhBCl-gas and RhBCl4w, respectively. spectrum. A good example is given in Fig.4 , which shows the Raman spectrum of RhB in aqueous solution is different from the SERS on the Au@SiO 2 substrate. For the latter case, the plasmonic enhancement of Raman spectrum is expected, which can alter the intensity of the spectral peak. To view the field enhancement effects in a better way, we have normalized two spectra by setting the intensity of the strongest peak to a unit. It can be seen that some bands have noticeable energy shift and relative intensity change going from the water solution to the gold substrate. These findings indicate that the Rhodamine molecules are not strongly coupled with the gold substrate. However, one can also find new bands to appear in the SERS spectrum. The origins of these new bands are largely unknown [25] . One can image that when Rhodamine molecules in cationic forms are adsorbed on the substrate, like Au and graphene, the charge of the molecule will be changed. In other words, the interaction with the substrate can neutralize the molecules to certain degrees. Instead of calculating the structure and the Raman spectra of Rhodamine molecules on Au surface, we have examined the effects of the neutralization on the Raman spectrum using RhB molecule as an example. Here the Cl − is used to neutralize the molecule. As shown in Fig.1 , the Cl − can form a weak halogen bond with the hydrogen atom of carboxyl group. It is found that the geometry of the neutralized RhB molecule is very similar to the cationic RhB molecule.
The calculated Raman spectra are also included in Fig.4 . The spectrum of the neutralized RhB molecule, labeled as RhBCl-gas, is very different from that of the cationic RhB molecule, RhB-gas. A few new bands ap- For the RhB molecule on the substrate, its interaction with the surrounding can no longer be described by the PCM model. In this case, we consider the explicit solvent interactions by placing specific water molecules to form hydrogen bonds. This model is represented by the cluster consisting of RhB, Cl − , and four water molecules, as shown in Fig.1 . Basically, the hydrogen bonds are formed with Cl − , carboxyl and the oxygen atoms in XR. It is found that the inclusion of the local hydrogen bonds has resulted very small changes in the geometry of the RhB molecule. But the Raman spectrum of the cluster shows considerably large changes as demonstrated in Fig.4 , marked as RhBCl4w. More specifically, one can find that the bands at 799, 1215, 1480 and 1645 cm −1 are enhanced. The band at 1706 cm −1 disappears because the water molecule breaks the halogen bond between Cl − and OH. It can be seen that every peak observed in the experimental SERS spectrum can find its counterpart in the calculated Raman spectrum from the RhBCl-4w model, although the relative intensity is not well reproduced by the calculations. However, it should be noted that the mismatch between the relative intensities is also expected. One major reason is that the measurements are done for molecules in fixed space, whereas the calculations are performed for molecules in random distributions. The possible angular or polarization dependence will lead to the observed difference in the relative intensity. Moreover, the effects of the plasmonic enhancements are completely neglected in the theoretical models.
IV. CONCLUSION
The Raman spectra of three commonly used Rhodamine molecules, R6G, Rh123, and RhB have been calculated using density functional theory. It is found that the use of BP86 functional and 6-31G(d,p) basis set can already produce results in good agreement with the experimental spectra. The Rhodamine molecules in water solution are found to be in the cationic forms that hardly interact with the surroundings. The cationic form of the molecule can be neutralized once it is adsorbed on the metal surface. Although the geometry structure of the RhB molecule hardly changes upon the solvation, the neutralization and the forming of hydrogen bonds, its Raman spectrum is sensitive to these effects, in particular the neutralization and hydrogen bonds. The basic structural and spectral information obtained from our calculations will be helpful for understanding the Raman spectra of Rhodamine molecules in different forms and environments.
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